Abstract: This article presents the research on the optimum distance (fictitious air gap) between permanent magnets of the coreless axial flux permanent magnet machine with a double rotor and single stator. Magnetic flux density of the permanent magnets follows the mean flux path between the opposite magnets. The size of the leakage flux depends on the axial distance between the magnets, the distance between adjacent magnets and the back iron of the rotor disks. If the fictitious air gap (clearance between opposite permanent magnets) is too large, the flux path will close through the adjacent magnet and not the opposite one. The article presents the finite element analysis of the magnetic flux density between the permanent magnets mounted on the rotor disks where the fictitious air gap thickness was set as a variable to determine the maximum clearance. Connection between bending (pull) forces of rotor disks and fictitious air gap thickness is also presented with the mechanical stress analysis of rotor disks.
INTRODUCTION
Axial flux permanent magnet machines (AFPMM) are growing more and more popular lately due to their compactness, a high degree of reliability, efficiency, simple construction and high power density [1] [2] [3] [4] [5] [6] [7] . As shown in Fig.1 , this type of machines, which are also called "disk" type machines, have various topologies: -single-sided (one stator and one rotor) -double-sided (single stator -double rotor or single rotor -double stator) -multistage (multiple rotors and stators). All of the above-mentioned topologies can be constructed with or without iron cores (coreless) and with surface mounted or buried PMs. Low power PM machines are usually coreless and have surface mounted PMs [1] .
Each machine topology has its own strengths and weaknesses. Topologies without stator cores are used for low and medium power generators and have the advantages, such as absence of cogging torque, linear torque-current characteristics, high power density and compact construction.
Due to the absence of the stator core losses, this type of generators can operate with a higher efficiency than the conventional generators [2] [3] [4] [5] .
This article presents the determination of the optimum size of the fictitious air gap thickness for AFPMM with two external rotors and one internal coreless stator (without ferromagnetic material as the copper windings are held together in position by using a composite material of epoxy resin), using numerous finite element analysis (FEA) simulations in Ansys Maxwell 3D software.
As the name itself states, the axial flux machine requires magnetic flux to pass in the axial direction. If the thickness of fictitious air gap is too large (usually this means large stator thickness), the magnetic flux path will close through the air and into the same PM or through the adjacent PM. Consequently, a very small portion of magnetic flux will pass in axial direction (large leakage flux), and the machine will produce smaller torque and electromotive force (EMF).
Finding an optimum thickness of fictitious air gap allows the highest possible portion of magnetic flux to pass from PM on one rotor disk to the PM on opposite rotor disk with minimal flux leakage.
Since the magnetic flux density in the fictitious air gap is one of the key values for calculation of static torque, back EMF and pull forces between opposite rotor disks, the derivation of equation for magnetic flux density in the fictitious air gap is presented with a magnetic equivalent circuit (MEC).
The relation between magnetic flux density and back EMF is presented with Eq. (1) and Eq. (2) [3] :
where B is the magnetic flux density, N the number of turns in a coil, e the EMF, dФ/dt the time variation of magnetic flux within the coil, dS the integration surface, and Ф the magnetic flux. The mechanical stress analysis (MSA) of rotor disks is presented since magnetic pull forces and the thickness of rotor disks depend on the air gap flux density.
The MSA has been introduced in several publications. In [8] , the authors present the MSA for a high speed AFPMM, where they analyze the stress level of the rotor disks due to high-speed rotation, using three-dimensional finite element method (3D FEM). Fei et al. present simplified 2D and 3D FEM for analysis and design of rotor disks of high-speed AFPM generators in [9] . Rani et al. present a computational method of rotor stress analysis for conventional rotors using J-MAG software in [10] . In [11] , the authors present the structural analysis of low-speed axial-flux permanent-magnet machines. Timoshenko derived the equations for bending circular plates in [12] , and in [13] , Young and Budynas present various scenarios for different loads on circular plates.
The link between electromagnetic and structural designs is Maxwell stress. To determine the air gap flux density, classical analysis of magnetic equivalent circuits can be used, hence the Maxwell stress is given by:
where q (Pa) is the Maxwell stress, B d the axial component of air gap flux density and µ 0 the permeability of vacuum [10] . Maxwell stress is represented by the magnetic pull force acting between the rotor disks and can be calculated as magnetic pressure multiplied by active surface area of all PMs (SPM) as shown in [1] :
where F is the pull force between opposite PMs, α PM the angle of PMs, α i the coefficient, which is calculated as angle of PMs multiplied by the number of PMs per rotor disk (poles) and divided by 360 degrees, and D out and D in are the outer and inner diameters of PMs, respectively. In [13] , the authors present equations for various types of loads on a circular plate where the case suitable for rotor disks of AFPMM with surface mounted PMs is presented in Fig. 2 .
Equations for deflection calculations are [12] [13] [14] : Finally, the conclusions of the research are presented, such as the direct link between the thickness of fictitious air gap, deflection of rotor disks and rotor disk thickness through magnetic flux density in the fictitious air gap.
In this article, a direct link between magnetic flux density and optimum thickness of fictitious air gap is presented for the first time as well as a modified equation for deflection of rotor disks together with a simple methodology for determining the optimum thickness of the fictitious air gap.
METHODS 2.1 Analytical Determination of Magnetic Flux Density in the Fictitious Air Gap
The AFPMM considered in this article is a doublesided AFPMM with two external rotors and one internal coreless stator. It was analysed in [3] and optimized in [14] by using evolutionary optimization with a genetic algorithm and an analytical evaluation of objective functions. Also in [15] the rotor disk thickness was analysed in relation to the magnitudes of magnetic flux density. Tab. 1 shows the data relevant to this study, and Fig. 3 shows the rotor disks with surface mounted PMs. In Fig. 4 the fictitious air gap is the mechanical clearance between the opposite permanent magnets, where d is the fictitious air gap, d s the stator thickness, d d the air gap thickness, and l AM the distance between adjacent magnets.
Path 1 represents the mean magnetic flux. The magnetic flux that does not follow the mean flux path (path 1) is considered to be leakage flux and represented by path 2 (magnet to air) and path 3 (magnet to magnet). In an ideal situation, the magnetic flux would follow the mean flux path, but in reality, there is also the leakage flux, which can be reduced (for coreless AFPMM) by using measures listed in [16] : -the axial length of the air gap has to be smaller than double thicknesses of the PMs in the magnetization direction (d < 2hPM), -the distance between neighboring PMs on the same disk has to be larger than the fictitious air gap (l AM >d).
These measures work under the assumption that the magnetic flux will always follow the shortest path from one pole to another.
Since this type of AFPMM has no ferromagnetic stator core, a simplified MEC (magnetic equivalent circuit) is defined by neglecting iron rotor yoke reluctance due to the high permeability of steel, where magnets are represented by a flux source with parallel reluctance defined by their nominal magnetization values and geometry. Using the second Kirchhoff law in Fig. 6d , the equation for magnetic flux density in the middle of the air gap (axial component) can be determined. The saturation of rotor back iron is also neglected since the relative permeability of steel is considered infinite compared to the permeability of air [8] .
Using the relation from Fig. 6d under assumption that the area of PMs and air gap are equal, the equation for calculating the magnetic flux density can be written as: 
where B r is permanent magnetic flux density in the air gap, h PM the permanent magnet thickness and µ r the relative recoil permeability of the PMs. Fig. 4 -Fig. 6 and Eq. (18) show that the fictitious air gap has a significant influence on the magnetic flux density. Thicker air gap means smaller magnetic flux density in axial direction.
Determination of Optimum Fictitious Air Gap Thickness
AFPMM model is constructed using Ansys Maxwell 3D software and the data from Tab. 1. Fig. 7a shows the starting model of the study, which consists of two 7 mm thick rotor disks with 10 PMs mounted on each one. Between them, there is a 100 mm air gap with 5 mm layers. Each air gap layer represents a new FEA simulation of air gap flux density (i.e., Fig. 7b shows the meshed model with 55 mm fictitious air gap), which is analyzed on a line that runs through both rotor disks, all the air gaps and 2 PMs. The line is drawn through the centre of the PMs on the average radius, as shown in Fig. 8 .
FEA simulations are performed for the thickness of fictitious air gap from 5 mm to 100 mm with 5mm steps, which in total represents 20 simulations. The result of each simulation is the axial component of the magnetic flux density on the centerline (Fig. 8) between opposite PMs. in the middle of the fictitious air gap from Tab. 2. Based on the results, the optimum disk thickness can be determined in order to reduce the weight of the machine, since rotor disks represent around 40% of total weight of the machine [1] . Deflection of rotor disks is caused by the magnetic pressure which results from the PMs. For that reason, the equation for calculating deflection of rotor disks (Eq. (7)) is modified with Eq. (6), since the authors in [12] and [13] 
where α i is the angle of PMs multiplied by the number of PMs per rotor disk (poles) and divided by 360 degrees, and ya is the deflection derived in [12] . The MSA is performed for the 7 mm thickness of rotor disk using analytically calculated (using Eq. (18)) and FEA gained axial component of magnetic flux density in the middle of the fictitious air gap.
Pull force between opposite rotor disks is calculated using Eq. (4) and Eq. (5) for analytically calculated and FEA gained magnetic flux density in the middle of the fictitious air gap. In addition, the deflection of rotor disks is determined analytically with Eq. (19) and with FEA, using Solid works software. In total, four deflections of rotor disks are calculated and presented. Tab. 2 and Fig. 11 show maximum and minimum values of magnetic flux density in axial direction between the PMs. The optimum thickness of fictitious air gap is selected in such a way that there is minimum flux leakage, which means that the magnetic flux is following the mean flux path in full.
RESULTS AND DISCUSSION

Determination of Optimum Fictitious Air Gap Thickness
Tab. 2 shows that the values of axial component of magnetic flux density do not change for 10 mm thickness of fictitious air gap, which means that there is no leakage flux. Negligible change of axial component of magnetic flux density can be seen for 20 or even 25 mm thickness. The data are graphically shown in Fig. 11 , and it is clear that the magnetic flux density changes exponentially in relation to the thickness of fictitious air gap. Results in Tab. 2 also confirm the measure for reducing the flux leakage (axial length of the air gap has to be smaller than double thicknesses of the PMs in the magnetization direction).
Mechanical Stress Analysis of Rotor Disks
Pull forces between opposite rotor disks are calculated using Eq. (4) and Eq. (5) for analytically and FEA gained axial component of magnetic flux density and are presented in Tab. 3 and Fig. 12 . Deflection of rotor disks is calculated with Eq. (19) and determined with FEA, using SolidWorks software. In total, four deflections of rotor disks are calculated and presented in Tab. 4 and Tab. 5. Fig. 13 shows the deflections of rotor disks for four scenarios. The first scenario is based on the FEA gained pull force, where force is calculated using Eq. (4) and FEA gained axial component of magnetic flux density (Bz) and simulated with FEA, using Solidworks software.
For second scenario, Eq. (19) is used for calculating deflection of rotor disks instead of FEA. For third and fourth scenarios analytically calculated pull forces are used. Deflection of rotor disks is important for optimum thickness selection of rotor disk, which is selected based on the maximum allowed deflection (y). When the geometry of rotor disks and PMs is defined (inner radius, outer radius, shaft and PM thickness) as well as maximum deflection, the thickness of fictitious air gap and corresponding axial component of magnetic flux density can be found in Tab. 2, Tab. 4 and Tab. 5. Once the corresponding axial component of magnetic flux density is obtained, Eq. (7), Eq. (14) and Eq. (19) can be rearranged to obtain the optimum disk thickness of rotor disks, where q, Mrb and Q depend on the axial component of magnetic flux density.
( )( ) Deflection of rotor disks (among other factors) depends on the stiffness factor (Eq. (14)), and the latter depends on the selected material and its thickness. Eq. (20) shows the derived thickness of rotor disks from Eq. (7), Eq. (14) and Eq. (19) for the purpose of direct calculation of rotor disk thickness.
Validation of the Methodology
Electromotive force (EMF) of the prototype described in Tab. 1 was measured at 600 rpm, using the Yokogawa WT1800 Power Quality Analyser.
The results are shown in Tab. 6 and the measuring equipment in Fig. 14 . ( )
Magnetic flux (Ф) can be calculated with Eq. (21) and RMS value of EMF with Eq. (22), where α i is the angle of PMs multiplied by the number of PMs per rotor disk (poles) and divided by 360 degrees (α i also represents the magnet pitch to pole pitch factor), B d the axial component of magnetic flux density, and D out and D in are the outer and inner diameters of PMs, respectively. f is the network frequency (50 Hz), N the number of turns in a coil, k w the winding factor, h the number of rotor disks and I the rated current.
The calculations are performed for B d in the middle of 17 mm fictitious air gap (as the prototype machine is constructed; 15 mm stator + 2×1 mm air gap) and the results are shown in Tab. 7. Comparison of the average RMS value of measured EMF and the calculated value shows that the difference between them is less than 4%.
CONCLUSION
Derivation of Eq. (18) shows the link between the axial component of magnetic flux density and the thickness of fictitious air gap. The value changes exponentially with the fictitious air gap thickness as shown in Fig. 11 .
Since deflection of rotor disks (due to magnetic pull forces between opposite disks) is directly connected to the axial component of magnetic flux density, the deflection of rotor disks also changes exponentially. By changing a wellknown set of equations for circular plate deflection, a new equation for deflection of rotor disks is formed. Fig. 13 shows that the equations for deflection of rotor disks and axial component of magnetic flux density are quite accurate for initial dimensioning of rotor disk thickness.
The article presents a new and simple methodology for finding an optimum range of fictitious air gap thicknesses based on axial component of magnetic flux density of the PMs.
Since axial component of magnetic flux density is directly linked to magnetic pull forces, a modified equation for rotor disks deflection was derived and presented. Fig.  13 validates that equation is suitable for initial dimensioning of rotor disks, and compared to FEA analysis the accuracy is above 90%, depending on the thickness of the fictitious air gap.
The methodology is also verified through measurement of the effective EMF value of the prototype machine. The results show that the methodology described in this article is accurate since calculated and measured RMS value of EMF differentiates less than 4%.
